A search for excited states of the standard model fermions was performed using the ZEUS detector at the HERA electron-proton collider, operating at a centre of mass energy of 296 GeV. In a sample corresponding to an integrated luminosity of 0.55 pb ?1 , no evidence was found for any resonant state decaying into nal states composed of a fermion and a gauge boson. Limits on the coupling strength times branching ratio of excited fermions are presented for masses between 50 GeV and 250 GeV, extending previous search regions signi cantly.
I. INTRODUCTION
An intriguing puzzle in high energy physics is the regular pattern presented by the three fermion families. In the history of physics similar phenomena have been explained by a new level of substructure. So far, there has been no experimental support for any theory of new constituents and their interactions. The main di culty is to reconcile the mass scale of presently known particles with a much larger scale of compositeness, . The absence of any evidence of compositeness in current experimental data suggests that is at least 1 TeV.
One potential e ect of lepton and/or quark substructure would be the existence of excited fermion states e , , and q 1] 2]. In phenomenological models 3] 4] it is assumed that any theory of compositeness at large mass scales must have a low energy limit that preserves the symmetries of the standard model, therefore the excited fermions postulated in these \e ective Lagrangian" theories should form weak iso-doublets and carry electroweak charges similar to those of the ordinary fermions. At HERA, possible magnetic-transition couplings of the electron (quark) to the rst generation heavy fermions would allow single production of e (q ) through t-channel and Z boson exchange and of (q ) through t-channel W boson exchange. An example is shown in Figure 1 .
We report on a search for any state which decays into a gauge boson and a fundamental fermion in the reaction ep ! f X, with an integrated luminosity of 0.55 pb ?1 , a 20-fold increase in statistics in comparison with previous HERA results 5] 6]. In addition, it presents the results of the rst search for q production through electroweak coupling. This paper is structured in the following manner: the next section describes the detector. Section III de nes the kinematic variables relevant to this analysis. The event topologies expected for excited fermion events and the selection of data consistent with these topologies are discussed in Section IV. Section V discusses models (see the appendix for details) which we used to develop our selection procedures and later used to interpret our results. The event selection procedure is explained in Section VI. Experimental results for the e , , and q searches are then presented in Sections VII and VIII. The theoretical implications of these results and limits on the excited fermion coupling strengths are discussed in Sections IX and X.
II. DETECTOR AND RUNNING CONDITIONS
The data used in this analysis were taken in 1993 with the ZEUS detector at the electron proton collider HERA. During this period, HERA was operated with 26.7 GeV electrons and 820 GeV protons, corresponding to a center of mass energy ( p s) of 296 GeV. Of the 220 buckets, the machine was lled with 84 pairs of electron and proton bunches colliding every 96 ns. There were also 6 additional proton and 10 additional electron bunches left unpaired to allow studies of beam related backgrounds. In addition, we triggered on 28 empty bunches, which were used in this analysis to estimate the cosmic-ray background.
The average interaction point was located 1 at z = ?6:1 cm with a spread of z = 10:4 cm. The dominant contribution to the spread of the interaction vertex was the length of the proton bunch.
The ZEUS detector is described in detail elsewhere 7] 8]. This analysis relies mainly on the high-resolution depleted-uranium scintillator calorimeter and the central tracking detectors. A beam monitor and a wall of scintillator outside the main detector are used to tag interactions of the proton beam upstream of the detector. The calorimeter covers 99.7% of the solid angle. It consists of three parts covering di erent regions of the polar angle : forward (FCAL, 2:6 0 < < 36:7 0 ), barrel (BCAL, 36:7 0 < < 129:1 0 ), and rear (RCAL, 129:1 0 < < 176:2 0 ). Each part is subdivided into towers of typically 20 20 cm 2 transverse dimension, which in turn are segmented in depth into electromagnetic and hadronic sections. To improve spatial resolution, the electromagnetic sections are subdivided transversely into cells of 5 20 cm 2 (10 20 cm 2 for the rear calorimeter). Each cell is read out by two photomultiplier tubes, providing redundancy and a position measurement within the cell. Under test beam conditions 9], the calorimeter has an energy resolution of E =E = 18%= q E(GeV ) for electrons and E =E = 35%= q E(GeV ) for hadrons. In addition, the calorimeter provides a time resolution better than 1 ns for energy deposits greater than 4:5 GeV, which is used in background rejection. The calorimeter noise, dominated by the uranium radioactivity, is in the range [15] [16] [17] [18] [19] MeV for electromagnetic cells and 24-30 MeV for hadronic cells. Integrated over time (20ms), this uranium radioactivity is used to monitor the signal gain of each calorimeter channel. To minimize the e ect of the noise on the event reconstruction, in order for a cell to be used in this analysis, we required a minimum energy deposit of 60 (110) MeV in an electromagnetic (hadronic) cell. Charged particle detection is performed by two concentric cylindrical drift chambers, the vertex detector and the central tracking detector occupying the space between the beam pipe and the superconducting coil of the magnet. In 1993, the detector was operated with a magnetic eld of 1.43 T. The precision vertex detector is surrounded by the main drift chamber, which consists of 72 cylindrical drift chamber layers organized into 9 superlayers.
8]
The luminosity is determined by measuring the rate of energetic bremsstrahlung photons produced in the process ep ! ep . The photons are detected in a lead-scintillator calorimeter placed at z = ?107 m. The background rate from collisions with the residual gas in the beam pipe was subtracted using the unpaired electron bunches. The integrated luminosity used in this analysis corresponds to 0.55 pb ?1 with an estimated systematic error of 3.3%.
III. KINEMATICS
The selection of candidate events for excited fermion decays started with the data acquisition trigger, followed by the o ine event reconstruction and the nal analysis. To demonstrate the motivation behind the selection criteria, we rst discuss the kinematics of the events expected from excited fermion states, in the reaction: ep ! f X with the f decaying in the detector. The kinematic quantities relevant to this analysis are presented in this section. In the interaction of the incident electron (with beam energy E e and four-momentum k) and incident proton (with beam energy E p and four-momentum P), the square of the four-momentum transfer, carried by the propagator, is denoted by ?Q 2 .
In the case of neutral current (NC) deep inelastic scattering (DIS) or excited quark (q ) production, this is de ned as:
?Q 2 l q 2 (k 0 ? k) 2 where k 0 is the four-momentum of the scattered electron and the quantity q 2 is the Mandelstam variable t. By comparison, for excited lepton (l ) production, this is de ned as:
?Q 2 l (k 0 ? k) 2 where k 0 is the four-momentum of the excited lepton, respectively (see Figure 1 ). Note that for excited leptons, in those modes in which an electron is expected to result from l decay, ?Q 2 cannot be computed from the electron as it would be in an NC DIS interaction. In the naive quark-parton model, the momentum fraction, x, carried by the parton which couples to the exchanged particle, is de ned by:
x ?q 2 =P q:
The nal state which results from the interaction may or may not contain an electron or other electromagnetic shower in the main ZEUS calorimeter. When the nal state does have an electromagnetic shower, the polar angle and the energy of the shower are denoted by EM and E EM respectively. In channels where more than one electromagnetic shower is expected in the nal state, the angles and energies are denoted by numbered subscripts after \EM" (e.g. EM 2 , E EM 2 ). The vector sum of transverse energy in calorimeter cells is referred to as p T and its absolute value is called p T miss . Also used is p inner ring T miss which is the absolute value of the vector sum of transverse energy attributed only to the ring of FCAL cells nearest the beampipe. The scalar sum of transverse energy is denoted by E T . We de ne the quantities E hadronic T and E c T which respectively denote the E T associated only with the hadronic state excluding the ring of FCAL cells adjacent to the beampipe and the Monte Carlo generator-level E T calculated excluding cones which approximate the beampipe. M hadronic is the e ective mass measured by the calorimeter excluding the ring of FCAL cells adjacent to the beampipe and the electromagnetic shower associated with an f candidate decay. We de ne the quantity:
which, in events where visible energy is lost down the forward beampipe only, should be approximately equal to twice the incident electron beam energy due to energy conservation. The sum runs over all calorimeter cells with energies above the previously mentioned thresholds and the i are calculated with respect to the measured interaction vertex.
IV. EXCITED FERMION TOPOLOGIES
In this analysis, excited fermions were searched for via their decays into a standard model fermion and a gauge boson. The nal states considered are listed in Table I . Decays of excited fermions produce characteristic event topologies which allows one to distinguish them from neutral and charged current deep inelastic scattering (NC and CC DIS respectively) events as well as from photoproduction events. Due to their large mass, excited fermions would produce events with large transverse energy, E T . The signature of decay modes involving neutrinos is missing transverse momentum, p T miss . For high-mass f decays with an e or in the nal state, the electromagnetic shower tends to be boosted into the forward hemisphere, in contrast to low Q 2 l NC DIS. Therefore we use the polar angle of the electromagnetic shower to distinguish between such f decays and NC DIS. Requiring that the electromagnetic shower energy exceeds a minimumvalue suppresses photoproduction background and reduces the number of fake candidates from 0 ! decays. It is worth noting that photoproduction is a signi cant background only in q decays. This is because the incident electron is often lost down the rear beampipe in both photoproduction and potential q production. Thus, a minimum cut on , which can be used to remove photoproduction in e modes, or a cut on p T miss , which can be used to remove photoproduction from modes, cannot be used in q modes.
V. MONTE CARLO SIMULATION
Monte Carlo event simulations were used to determine the detector acceptances and to correct for resolution e ects. The detector simulation is based on GEANT 10] and incorporates our best knowledge of the experimental environment and trigger. Monte Carlo events are passed through the same analysis as the data.
A. Excited Fermion Production and Decay
A Monte Carlo simulation of excited fermion production and decay is required to develop e cient selection cuts and calculate acceptances. This analysis uses HEXF, 11] a generator for heavy excited fermion production, which is based on models by Hagiwara et 
B. Background Events
The DIS events with Q 2 l > 4 GeV 2 were generated using the HERACLES 17] program, which includes rst-order electroweak radiative corrections. The MRSD 0 13] set was used for the parameterization of the parton density distributions. The hadronic nal state was simulated using the colour dipole model 18] as implemented in ARIADNE 3. 1 19] for the QCD cascade, and JETSET 6.3 for the soft hadronization. To study the sensitivity of acceptance corrections to fragmentation models, a sample of DIS events was also generated using the LEPTO 6.1 14] program which employs matrix elements and parton showers for the QCD cascades.
An additional background for elastic e ! e decays, elastic Compton scattering, ep ! e p, was studied using the COMPTON 2.0 20] generator. Inelastic Compton scattering (where the proton dissociates) is included in the HERACLES generator for DIS NC events.
Photoproduction at low Q 2 l but with a large energy transfer from the photon to the hadronic nal state can be a source of background to f production. We studied this e ect by generating resolved and direct photoproduction events using the HERWIG 21] generator. Table II gives an overview of the Monte Carlo samples used in this analysis. For most Monte Carlo samples we have applied cuts at the generator level (see Table II ) to reduce the total number of events that needed to be simulated. It should be noted (see Figure 2a ) that generator-level E T cuts in Table II have little e ect on signal acceptances. Note also that we are interested in high-mass production, which requires large values of x (x > 10 ?2 ), where di erences between various parametrizations of the parton distribution functions (PDF's) are negligible.
VI. EVENT SELECTION
Data were collected with a three-stage trigger 22]: a deadtime-free pipeline rst level trigger which was based on calorimeter energy thresholds, a second level trigger to reject obvious non-physics events, and a third level trigger which applied physics-based lters to select events for output to mass storage and o ine analysis. Events surviving the third level trigger were passed through an o ine reconstruction program, which employed an electromagnetic shower nding algorithm, an isolated muon nding algorithm, a jet nding algorithm, a vertex nding algorithm, and an energy clustering algorithm. Events passed this stage of analysis, hereafter called the preselection, if they ful lled any one of the requirements:
where N EM is the number of electromagnetic showers found, N v > 0 means one or more vertices obtained from the reconstructed tracks, N is the number of isolated muons, and E cluster T FCAL < 30 cm] is the transverse energy from FCAL clusters centered within 30 cm of the beamline. All transverse energies excluded the inner ring of FCAL cells. Events with isolated muons were excluded from most categories to reduce cosmic-ray backgrounds. Approximately 250,000 events remained after the preselection.
After the o ine reconstruction, we used re ned timing information from the calorimeter and the reconstructed vertex position to reject background events by requiring that the vertex from calorimeter timing and the vertex from tracking be within 45 cm of one another. The cosmic-ray backgrounds were further suppressed by using timing di erences between upper and lower regions of the calorimeter while beam-gas backgrounds were reduced by using timing di erences between forward and rear regions of the calorimeter.
Events passing the following selection criteria (hereafter referred to as the \initial selection cuts") were used for the analysis:
Since the decay products of a massive resonance would be boosted strongly in the proton direction, limiting EM retains high acceptance for excited fermion decays while substantially removing NC DIS and Compton events ( Figure 2d ). Unbalanced transverse momentum, p T miss , is the characteristic signature for events with neutrinos in the nal state. As can be seen in Figure 2c , selecting events with p T miss > 8 GeV signi cantly reduced the NC DIS background. Photoproduction background was also signi cantly reduced by this cut. However, this cut did not suppress backgrounds from CC DIS events. Requiring > 20 GeV reduced photoproduction backgrounds where the scattered electron remained in the beampipe.
Approximately 84,000 events passed these criteria ( ducial q cuts), and are hereafter referred to as the \ ducial q sample". Since we were principally interested in events with a possible heavy excited fermion decay, we required at least 30 GeV of transverse energy (E T ). Figure 2a shows transverse energy distributions obtained from signal and background Monte Carlo samples. Rejecting events with more than 5 GeV energy in a backward cone ( > 150 0 ) was a powerful tool in reducing the background from neutral current deep inelastic scattering (NC DIS) while maintaining high signal e ciency ( Figure 2b ) for excited lepton searches. Approximately 18,000 events remain after the application of the backward cone cut and the E T > 30 GeV cut, hereafter referred to as the \ ducial l sample". The ducial q cuts along with the two additional cuts mentioned above are referred to as the \ ducial l cuts". The backward cone cut was not applied in the search for excited quarks since a signi cant fraction of the electrons scattered at low Q 2 l end up in the beampipe region of the RCAL.
The e ects of the two (l and q ) ducial sample cuts on the acceptance of the various Monte Carlo samples (signal and background) can be found in Tables III, IV , and V. Both the preselection and the ducial (l and q ) cuts were highly e cient for selection of excited fermions while backgrounds due to deep inelastic scattering and photoproduction were strongly suppressed.
In addition to candidates for excited fermion decays, the two ducial samples contained events from NC DIS, CC DIS, high E T photoproduction, cosmic rays, and collisions of both the electron and proton beams with residual gas molecules in the beampipe. Using the HERA bunch structure, we estimated the size of some of these contributions. Counting the number of events from empty bunches we estimated that our sample contained less than 1% contamination from cosmic rays. Only 3 of the f decay channels studied had any surviving beam-gas or cosmic ray background events in the nal sample (see Section VII), which were eliminated by visual scanning.
VII. ANALYSES
This section describes the selection procedure for the nal data samples in each of the f decay modes. All analyses were based on the two ducial data samples described in Section VI and additional selection criteria were employed to select speci c nal state topologies. In all modes, summary tables list the cuts for quick reference.
Our background Monte Carlo samples (see Table II for luminosities) consisted of about 67,000 NC DIS events, 4,100 CC DIS events, 7,000 direct photoproduction events, and 18,000 resolved photoproduction events.
Approximately, 1000 Monte Carlo signal events were used in every channel. All the upper limits presented in this note are calculated at the 95% con dence level. A systematic uncertainty of 15% for the expected event rate (see Section VIII) is taken into account.
A. Excited Electrons
The Feynman diagram for excited electron production in ep scattering is shown in Figure  1 . A second mechanism, the t-channel exchange of a virtual Z boson, is also included in HEXF. Monte Carlo studies showed that the inclusion of this mechanism represented only a 3.5% increase in production cross-section. We have searched for the decays: e , eZ, and W. Details of the analysis are presented in the next three subsections.
The decay of a heavy excited electron to a photon and an electron would leave a spectacular signature: two isolated energetic electromagnetic clusters and, if the proton dissociates, some hadronic energy around the forward beam pipe in an otherwise quiet detector. Possible backgrounds to this process include: (1) NC DIS events where a 0 decay produces an energetic photon, and (2) high-energy elastic (ep ! ep ) and inelastic Compton processes.
Starting with the ducial l sample described earlier, events were rst required to have two electromagnetic showers of which at least one had an angle less than 150 0 and an energy above 10 GeV. The other electromagnetic shower had to have an energy of at least 2 GeV.
Events were required to be contained within the detector by demanding 30 GeV< < 60 GeV. A total of 24 events passed these selection criteria. The distribution of the invariant e masses is plotted in Figure 3 together with the results of a Monte Carlo study. None of the 24 events have an e mass above 50 GeV. The number of candidate events as well as their mass distribution agrees well with our NC DIS Monte Carlo sample. In addition, one background event is expected from elastic Compton scattering at low invariant e mass. The overall acceptance for this channel as a function of invariant e mass is shown in Figure 4 . The mass resolution for this channel as a function of invariant e mass is shown in Figure 5 . As a check on the sensitivity of the resolution to the overall energy scale (which determines the values of such variables as E T and E EM ), the 150 GeV Monte Carlo sample was studied with a systematic energy shift of -3% and a Gaussian smearing of 5%. The resulting change in the width of the distribution was found to be 13%. Thus, the resolution is not strongly dependent on small variations in the energy scale.
No evidence for a resonance decaying to an e nal state is observed in the 1993 ZEUS data. Using an average detection e ciency of 80%, we obtained an upper limit on the production cross-section for an excited electron decaying to e of 7.2 pb for invariant masses above 50 GeV. The e ! e analysis is summarized in Table VI . Due to its large branching ratio, thenal state dominates our sensitivity in this channel.
Possible backgrounds to this process include: (1) NC DIS events where a radiated energetic gluon produces a second jet or where 0 decays produce two energetic photons, and (2) CC DIS events where energetic 0 decays produce an energetic photon. To search for all these modes, starting from the ducial l sample, we required the event to have an electromagnetic shower with polar angle less than 125 0 and energy greater than 10 GeV. Additionally, for the decay modes without neutrinos, we required 30 GeV < < 60 GeV.
In the search for the rst mode (e ! eZ ! ee e) the data sample was further restricted by imposing the requirement of two additional electromagnetic clusters in the calorimeter, each with energy greater than 2 GeV. After requiring a minimum of 10 GeV in the most energetic electromagnetic shower found, there remained only 1 event with 3 electromagnetic showers. It has an invariant mass below 30 GeV, moreover, the highest energy pair of electromagnetic showers in this event is 22 GeV, inconsistent with a Z decay. Background Monte Carlo predicted one event from NC DIS.
The signature for the second mode (e ! eZ ! eq q) is a single energetic electron accompanied by high E T hadronic deposits in the calorimeter. We selected this event topology by requiring the hadronic transverse energy, E hadronic T to be greater than 60 GeV. E hadronic T is de ned as the total calorimeter transverse energy excluding the cells from the FCAL inner ring and the highest energy electromagnetic shower. The distributions shown in Figure 6 demonstrate that this cut is e cient for e ! eZ decays while substantially reducing the NC DIS background. Two events passed these cuts, in good agreement with the expected Monte Carlo background from NC DIS (4.7 events).
The third mode (e ! eZ ! e ) is characterized by a single energetic electron combined with a large transverse momentum imbalance. To select these events, we imposed a cut of p T > 15 GeV. Since large apparent p T is also characteristic of many beam-gas events produced upstream of the apparent vertex found from track reconstruction, it was also required that at least 70% of the p T come from calorimeter cells not in the FCAL inner ring. Furthermore, momentum loss through the neutrino implies that will be less than twice the incident electron beam energy, so we suppressed NC DIS background by requiring < 50 GeV. This left no candidate events while there was an expected background from NC DIS Monte Carlo of 0.7 events.
Using the energy and angle of the electron and assuming that the hadronic system has the mass of the Z, and that production is dominated by low Q 2 l so that the nal state has no net transverse momentum, the mass of the e candidates may be calculated using the formula:
M 
We have investigated whether one could reconstruct the Z mass if a signal were present in thechannel. Using our 125 GeV e ! eZ Monte Carlo sample we show in Figure   8 the invariant mass of the hadron system calculated from the calorimeter energy deposits but excluding the tagged electron cluster and the cells from the FCAL inner ring. The reconstructed Z mass is seen to be narrow but shifted down by 13% from the nominal Z mass. This shift is due to missing energy from non-instrumented material as well as energy lost down the beam pipe and energy excluded in the inner FCAL ring. The overall acceptance for this decay channel as a function of the e mass is shown in Figure 4 . The mass resolution in this mode is shown as a function of e mass in Figure 5 . Using an average acceptance of 60% and an expected background of 5.2 events, the 2 events correspond to an upper limit of 12.5 pb for the cross-section of e production in this channel above an eZ mass of 100 GeV.
The e ! eZ analysis is summarized in Table VII. 3. e ! W We have searched for an excited electron decaying to W with subsequent decay of the W boson to either0 (B.R. = 67.8%) or e (B.R. = 10.8%) 16]. Backgrounds to this process include CC DIS with either an energetic gluon which produces a second jet (0 mode) or an energetic 0 which produces a high energy electromagnetic shower (e mode).
For the0 mode, the only energy observable in the detector is due to the hadronic decay of the W. Since one would expect that the decay neutrino from a massive state would produce a large missing transverse momentum, we only considered those events from the ducial l sample with a p T miss of at least 15 GeV. Since many beam-gas events have large p T miss , we required at least 70% of the p T to come from calorimeter cells not in the inner ring of the FCAL. We then required that the total invariant mass in the calorimeter (M hadronic , calculated excluding cells in the inner ring of the FCAL) be at least 50 GeV, consistent with the large mass expected from W decay. Only 11 events passed these cuts; 7 of these were identi ed by visual scanning as beam-gas events and 1 as a cosmic-ray event. This left 3 candidate events.
To select excited electron candidates decaying into W followed by W ! e we used cuts identical to those used in the0 mode, except that now the cut on M hadronic was replaced by a requirement of an electromagnetic shower with more than 10 GeV and polar angle less than 125 0 . One event survived these cuts, but was rejected by visual inspection as a beam-gas event. Expected NC DIS background in this mode was 0.7 events.
On combining these two decay modes, the acceptance with this selection is quite high for signal events (see Figure 4) , while the backgrounds are substantially reduced. The mass resolution in this mode is shown as a function of e mass in Figure 5 .
We rst consider the case where the W decays into0 . Since the neutrino is not observed, it is necessary to reconstruct the neutrino parameters assuming that the decay products balance transverse momentum (it is assumed that production is dominated by low Q 2 l ). Using the total transverse momentum (p T ) and (see Section III), and assuming that the hadronic system has the mass of the W, The invariant W mass distribution for the three remaining data events is shown in Figure  7d together with results from signal (shown in 7c) and background Monte Carlo simulations. From Monte Carlo calculations, one expects 1.6 background events from NC DIS and CC DIS in the nal sample.
In the case where the W decays into l, the assumption that the transverse momentum is balanced is no longer valid. Nevertheless, the mass distribution obtained by using the above formula is useful in discriminating signal from background. The high-mass tail observed in Figure 7 results from events of this type. No evidence for a W resonance is observed. Using an average acceptance of 60% and a background expectation of 1.6 events, the three observed events correspond to an upper limit of 21.9 pb for the cross-section of e production in this channel above a mass of 100
GeV. The e ! W analysis is summarized in Table VIII . 
B. Excited Neutrinos
Excited neutrinos can be produced at HERA via exchange of W bosons. It should be noted that events produced by W exchange peak much less sharply at low Q 2 l than propagator events. Thus there would often be a visible parton recoil jet associated with production. Events where the proton does not dissociate, which should be a major contribution to the e channels, are not possible in this channel.
1.

!
If the neutrino has charged subcomponents, decay of its excited state into is possible. Such an event would be characterized by missing p T associated with the , a high energy electromagnetic shower associated with the , and (usually) a recoil jet from the quark struck by the W. Backgrounds to this process tend be concentrated at low values of p T miss and to result from NC DIS.
Beginning with the ducial l sample, we rst required an electromagnetic shower with energy>10 GeV. The neutrino would lead to a non-zero p T miss and to ( ) less than twice the incident electron beam energy. We therefore required p T miss >15 GeV and <50 GeV. In addition, the total transverse energy E T from both the and the recoil jet should be large, so we required E T > 40 GeV. Monte Carlo studies yield e ciencies rising from 45% at mass of 50 GeV to 65% at 250 GeV, as shown in Figure 4 . The mass resolution in this mode is shown as a function of mass in Figure 5 . Expected backgrounds were 0.9 NC DIS events and less than 0.1 CC DIS events. No event remained after these cuts. This, combined with an average e ciency of 60% and an expected background of 0.9 events, corresponds to an upper limit of 9.6 pb for the cross-section of production and decay into above a mass of 50 GeV. The ! analysis is summarized in Table IX . For production via W exchange, and followed by a decay into the nal state Z, the recoil jet can be used to assist in the design of e cient cuts. Monte Carlo studies showed that the recoil jet tends to have su cient angle with respect to the heavy boson decay jets to give a large value for M hadronic (typically > 100 GeV). At low masses, where most of the energy is used in forming the heavy boson and little is left for the lepton, the requirement of a large M hadronic can replace the p T miss requirement imposed on the lepton. This suggests the use of cuts excluding certain regions in the M hadronic {p T miss plane (see Figure 9 ).
Backgrounds to this process tend to come from CC DIS events with two or more jets having either fairly wide separation or large energies. To search for ! Z decay, we began with the ducial l sample and required <50 GeV in order to account for the missing . Only events with p T miss > 15 GeV and hadronic mass > 50 GeV were accepted. However, as described above and demonstrated in Figure 9 , the acceptance can be improved, while maintaining good background suppression, when the p T miss requirement is relaxed to 5 GeV for events with hadronic masses above 125 GeV. To suppress beam-gas background, we accepted events only if at least 70% of the p T comes from calorimeter cells not in the FCAL inner ring. After the above cuts, 3 events remain, consistent with the background expectations of 2.6 NC DIS, 0.7 CC DIS, and 0.1 photoproduction events.
The mass formula for e in the W decay mode was derived assuming that the transverse momentum of the e was zero. It is not a precise assumption in the presence of a recoil jet (as is often the case for production) but it is a good approximation which improves in accuracy as the mass increases. At low masses (M = M e = 100 GeV), where the approximation is least accurate, Monte Carlo studies indicate that the reconstructed mass distribution is 4% higher and 36% wider than that of the e . Thus, assuming that the mass of the hadronic system is the Z mass, M Z , the invariant mass is obtained from: The acceptance for this decay channel is plotted in Figure 4 as a function of the mass. The mass resolution in this mode is shown as a function of mass in Figure 5 . As a check on the sensitivity of the resolution to the value of the overall energy scale (which determines the values of M hadronic and p T miss ) we imposed a -3% shift and a Gaussian smearing of 5% on the energy scale for a 200 GeV . The resulting change in reconstructed width was less than 1%. Using an average e ciency of 65% and an estimated background of 3.4 events, the 3 observed events correspond to an upper limit of 15.6 pb for the cross-section of production in this channel above a Z mass of 100 GeV. The ! Z analysis is summarized in Table   X . 
! eW
As for the e ! eZ case, we searched for the W boson in the hadronic (0 ) and the electronic (e ) decay modes. (It is worth noting that some decays from other modes should also survive our cuts.) Backgrounds to this process are similar to the e ! eZ mode. For the hadronic W decay mode we began with the ducial l sample and required the event to be contained in the detector (30 GeV< <60 GeV The assumption that only the excited fermion decay products carry E T , which is used in deriving the mass formula for the analogous e mode, is only approximately correct, but the E T carried by the recoil jet represents only a small e ect. Therefore, with the assumption that the hadronic system has the mass of the W, the mass is calculated using the formula: where the electron comes from decay. Figure 4 shows the detector acceptance for this decay channel as function of the mass. The mass resolution in this mode is shown as a function of mass in Figure 5 . Using an average e ciency of 60% and an estimated background of 5.2 events, the 2 observed events correspond to an upper limit of 12.5 pb for the cross-section of production and decay into eW above a mass of 100 GeV. The ! eW analysis is summarized in Table XI .
C. Excited Quarks
Except for the relatively small fraction of heavy-boson decays containing neutrinos, all excited quark decay modes (q ; qW; qZ, and qg) should balance p T . Only those events of the ducial q sample for which the transverse momentum was less than 40 GeV were considered for further analysis.
Additionally, all excited quark decay modes have energetic hadronic showers in the nal state producing a characteristic signature of large transverse energy in the detector. In calculating E T , a cone around the beam pipe of half-angle 9:2 (E <9:2 T ) was excluded for q ! q while a cone of half-angle of 18:3 was excluded for the analyses of the other nal states. These cone cuts e ectively remove beam-gas, photoproduction and DIS backgrounds. We found good agreement between data and the background calculation. Monte Carlo studies suggest that a strong E T cut would reduce the background while maintaining high e ciency for signal events. Thus, events with transverse energy (E <9:2 T ) greater than 70 GeV were selected. Photoproduction background was further reduced by requiring > 20 GeV. Starting from the data sample de ned above we selected candidates for the decay q ! q by requiring an electromagnetic cluster with energy greater than 50 GeV and no matching tracks in the central tracking detector. After these cuts, one event remained, while background Monte Carlo predicted 1.2 events. The q invariant mass value calculated from the energy deposited in the calorimeter for this candidate as well as for a signal (see Figure 10c ) and a background Monte Carlo sample are shown together with data in Figure 10d . No evidence is seen for q production in this data sample. Backgrounds to this process include NC DIS with both high E T and a poorly matched track, and photoproduction with both high E T and a high energy 0 which mimics a . In Figure 4 , we plot the acceptance for this analysis as a function of the q invariant mass. The mass resolution in this mode is shown as a function of q mass in Figure 5 . The e ciency is close to 70% over most of the mass range; the ine ciency at low q masses is caused by the cut.
Using an average detection e ciency of 70% and an expected background of 1.2 events, the single candidate event corresponds to an upper limit of 11.3 pb for the cross-section of q production and subsequent decay to q above a q mass of 100 GeV. The q ! q analysis is summarized in Table XII. 2. q ! qZ; q 0 W; qg
In the search for excited quarks decaying to qZ or q 0 W we concentrated on the hadronic decay modes of the heavy bosons. Thus, excited quarks decaying to either qZ, q 0 W, or qg are characterized by hadronic jets in the nal state. Since we make no attempt to isolate jets in this analysis, these three nal states are indistinguishable and will be treated together. Backgrounds to this process tend to come from both NC DIS and photoproduction events with large E T without a well isolated electromagnetic shower. To produce a heavy object at low Q 2 l (the data are dominated by low Q 2 l processes), the energy transfer from the incident electron to the virtual gauge boson has to be large. Therefore we would expect only low energy scattered electrons in our nal sample. We did not attempt to reconstruct this electron since, in most cases, it disappears down the beam pipe. However, we searched for isolated energetic electrons to tag background from neutral current DIS. Events were accepted if they did not contain an isolated electromagnetic shower with energy of more than 10 GeV. An electron was de ned as isolated if it had less than 5 GeV associated hadronic energy within a cone of 40 0 . Two events survived this cut while background Monte Carlo calculations predicted 2.6 events. The invariant mass distribution, obtained by summing over all calorimeter cells, is shown in Figures 10a and 10b together with distributions from signal and background Monte Carlo samples. No evidence is seen for q decaying into these hadronic nal states. The acceptances and widths for these decay channels are plotted in Figures 4 and 5 . The mass resolution in this mode is shown in Figure  5 as a function of the generated q mass. Using an average e ciency of 40% and an estimated background of 2.6 events, the 2 observed events correspond to an upper limit of 23.0 pb for the cross-section of q production and decay to qg, q 0 W, or qZ above a mass of 100 GeV.
The q ! qg (Z; W) analysis is summarized in Table XIII. 
VIII. EVALUATION OF SYSTEMATIC UNCERTAINTIES
In our determination of the systematic error, we distinguish between experimental and theoretical uncertainties. 
A. Experimental Systematic Uncertainties
Experimental systematic errors on the derived cross sections are introduced by the luminosity measurement and the particular reconstruction procedure chosen for the analysis.
The systematic error on measurement of the integrated luminosity, L, is 3.3% 23].
The uncertainties in the CC and NC samples can be divided into the following contributions: (1) vertex reconstruction e ciency, (2) electron identi cation e ciency, and (3) e ects of energy scale uncertainty on the total acceptance. The error on the vertex reconstruction e ciency was estimated by repeating the analysis with di erent vertex reconstruction algorithms. This yielded an uncertainty of 6% in the e ciency. The uncertainty in the electron identi cation was estimated both by using alternate electron nding algorithms, and varying cuts within the standard electron identi cation algorithm for both data and Monte Carlo. This yielded an uncertainty on the electron identi cation e ciency of 4%. The e ects of the overall energy shift, relevant to the , E T , p T miss , M hadronic cuts and the cuts on the lepton energy, were less than 3%.
By systematically varying the cuts in the three excited fermion analyses, we estimated what systematic e ect is introduced by their values. This uncertainty in the e ciency was found to be less than 4%. The calculation of the upper limit curves for the excited fermion production cross-section requires a smooth parameterization of the acceptance as a function of the excited fermion mass. The interpolation between generated Monte Carlo mass points introduced an additional uncertainty of 5%.
Under the assumption that the various systematic errors are uncorrelated, we added the contributions in quadrature and determined the experimental systematic error to 11%.
B. Theoretical Uncertainties
The predicted f production cross-sections vary according to the model used. The application of radiative corrections to an expressly nonrenormalizable \e ective Lagrangian" model is somewhat problematic. However, once a particular model was chosen, we could estimate the uncertainties introduced by radiative corrections and the parton density distributions used to model the proton. We estimated this contribution to be 8%. On comparing excited fermion Monte Carlo samples generated with decay distributions isotropic in the center of mass to those where the decay lepton distribution follows 1+cos (as predicted in the models of 3] 4]) the reconstruction e ciencies di ered by less than 6%.
Combining these contributions in quadrature with the experimental uncertainties, we found the total systematic uncertainty to be 15%.
C. High energy Compton scattering
Since Compton scattering, ep ! ep , is topologically similar to an excited electron decaying to e , its analysis is a systematic check of the e ! e analysis. As Compton events are concentrated at low E T , and deposit energy mainly in the rear detector, to increase the sample size, starting before the level of the initial selection cuts, we modi ed the analysis criteria used in the e ! e analysis. We selected events with exactly two electromagnetic clusters between polar angles of 85 and 165 with energies above 4 GeV. The range of allowed vertex z positions was widened to -75 cm < z <75 cm and the cut on was changed to > 35 GeV. Additionally, we required 95% of the event's energy to come from the electromagnetic section of the calorimeter. Figure 11 shows agreement between the data and Monte Carlo, con rming our understanding of both the detector behaviour and the background sources.
IX. LIMIT PROCEDURE
A. Model Independent Limits
Since no evidence was observed for excited fermions in any of the above channels, we set cross-section limits for the production of the various fermion gauge boson nal states. In so doing, the integrated luminosity and masses of the candidate events were taken from the data, and we obtained acceptances, mass resolutions, and background distributions from Monte Carlo calculations. The mass peaks from Monte Carlo models were t with Gaussian lineshapes which were used to extract acceptances, (M), as functions of excited fermion masses. In the previous sections we have quoted limits on cross-sections averaged over a wide mass range. Figure 12 shows the upper limits on the cross-sections as functions of nal state mass for each decay channel. Note that these curves are independent of the production mechanism. They were derived from the expression:
Here M f is the invariant mass of the nal state under consideration, and N U:L: is the massdependent 95% upper limit on the number of events observed after accounting for systematic errors. In each channel, N U:L: is determined using Poisson statistics from the number of events observed, and the expected number of background events (from Monte Carlo) 24]. Detector resolution e ects, as well as a systematic error of 15% (see Section VIII), were included in the calculation of N U:L: . To obtain the mass dependence of the detector acceptance for signal events, (M f ), Monte Carlo data were generated for each of the excited lepton and quark decay chains for several f invariant masses between 50 GeV and 290 GeV. For each decay chain, the acceptance, the reconstructed signal width, and the reconstructed mean value for the resonance mass were parameterized by third order polynomial ts to the results obtained by the Monte Carlo study. To account for phase space e ects near thresholds (such as the case of a low f candidate mass in a heavy boson decay mode), the polynomial was multiplied by a threshold factor of p M ? M 0 where M 0 is the mass at threshold. This acceptance included contributions from geometry and detector ine ciencies, as well as the branching ratios for the heavy gauge boson decay channels studied.
B. Limits on Couplings and Compositeness Scale
To set limits on the f couplings, one needs to use a speci c theoretical model. In an e ective Lagrangian model of excited fermion production, one assumes spin- For excited electrons and quarks with masses below 225 GeV, the dominant contribution to the lineshape is the detector resolution. At higher masses, the intrinsic width increases as the coupling limit weakens due to the rapid decrease in 0 and the narrow-width approximation used in the calculation of 0 (m f ) (see appendix) becomes questionable. For excited neutrinos, the smaller coupling limit implies that the width is large at even lower masses. Therefore, we present excited neutrino limits only for masses below 180 GeV. A similar argument could be made in the case of excited quarks where decay through gluons might be expected to cause the q width to be signi cantly larger than the width of excited leptons. HERA is only sensitive to q production via electroweak couplings, but we have also considered the possibility of q decay through gluons. It should be noted that q limits in the qg mode become questionable at higher masses if the q decay coupling to gluons is large. Evidence from other experiments, (see discussion and references in Section X) which give limits on q production via hadronic coupling, suggests that this is unlikely.
C. Limit Parameterization
Experimentally, the upper limit on the production cross-section of excited fermions is given by Equation 1. If we include the decay of the excited fermion to a particular nal state this can be written as:
where BR(f ! f 0 V ) is the branching ratio for a excited fermion f decaying to a fermion f 0 and a gauge boson V .
Combining Equation 3 with Equation 2 results in the following expression for the limit on the ratio of the sum of the coupling constants times the branching ratio:
The 95% con dence level upper limits on the quantity q BR(f ! f 0 V )(jcj 2 + jdj 2 )= 2 are shown in Figures 13 -15 for the various decay channels studied. The sensitivity to excited neutrino couplings is weaker (by approximately an order of magnitude) than that for e and q couplings due to the absence of a low Q 2 l=l singularity in the t-channel. Possible contributions of Z exchange e ects to e and q production would be of similar magnitude. Di erences in sensitivity among nal states available to the di erent excited fermions arise from di erences in the number of candidate events, acceptances, and branching ratios for the subset of gauge boson nal states observed. In calculating the limits, the systematic error (see Section VIII) was accounted for by increasing the value of N U:L: (M f ) by 15%. Deviations of systematic errors from Gaussian behaviour due to independent contributions to the normalization (e.g. those of luminosity and acceptance) were assumed to be negligible. In addition, the systematic error on the normalization of the background and signal contributions was assumed to be 100% correlated.
X. DISCUSSION AND RESULTS
To place our results in the context of existing limits, we rst discuss the ndings of other searches. Limits on excited electrons due to searches for spacelike exchange contributions come from experiments at lower energies 26] 27]. Direct searches performed by the four LEP experiments 25] exclude excited fermions with masses below M Z =2 and limit the coupling strengths below the Z mass. Searches at LEP for t-channel exchanges of excited electrons set limits on the coupling strength for excited electron masses as high as 116 GeV 25] .
A result from the UA2 collaboration 28] puts limits on q production in p p collisions for masses below 288 GeV. A recent result from the CDF collaboration 29] sets an upper limit on excited quark production for masses which are below 540 GeV. Note that these limits only hold for the special case of q production via the gluon coupling, qg ! q . The limits given in this paper are complementary since at a p p collider excited quark production is dominated by the quark gluon coupling while at HERA we can investigate the electroweak couplings of excited quarks.
First results from the HERA experiments, based on an integrated luminosity of approximately 26 nb ?1 , restrict excited electron and excited neutrino production for masses below 225 GeV 5] 6]. A new result from H1 reports limits similar to those shown here only for excited lepton searches 30]. This paper reports on new limits for l production and on the rst search for q production at HERA. No evidence for a heavy particle decaying to a nal state comprised of a gauge boson and a fermion was observed in the 1993 ZEUS data sample. Even with relatively small integrated luminosity, we set stringent limits on excited fermion production. This is due to the large centre of mass energy of HERA and the almost 4 coverage of the ZEUS detector. This analysis is not background limited. At current luminosities, backgrounds have been controlled using only simple cuts; for example, we have not used track matching requirements in all channels or attempted to reconstruct heavy bosons.
Limits on the production cross sections for massive particles decaying to nal states of gauge bosons and fermions are presented in Table XIV and Figure 12 . We exclude, at the 95% con dence level, the production of a heavy resonance decaying to an electron and a photon with a cross section at the level of 7 to 23 pb. We have achieved stringent limits in the and q channels and improved our limits in the e channels by more than a factor of 4 over the rst analyses at HERA 5] 6]. We use speci c theoretical models in order to calculate e ciencies for the signal, as well as to set limits on the ratios of the couplings to the compositeness scale. For excited leptons, we used the model of Hagiwara et al 3] . In this particular model, the excited fermions have spin and weak isospin 1/2. The (magnetic) transitions between excited and ordinary fermions, are mediated by the gauge bosons , Z and W. The Based on the e ective Lagrangian, the di erential production cross-section for ep ! f X can be calculated. To model ep ! f X, the proton was assumed to supply a parton q with density H q (x; Q 2 l=l ). As an example (see 3] for details), we present the di erential cross-section for the production of e 's via photon exchange: 
The Q f represents the quark charge andŝ = xs.
Once produced, the excited lepton can decay into standard fermions and gauge bosons. In this analysis, we considered:
e ! e ; eZ; W ! ; Z; eW:
The branching ratio for a particular mode was calculated from:
Excited Quark Production
To model excited quark production and decay we have used the models of Boudjima et al. and of Baur et al. 4] (17) In ep scattering, excited quarks could be produced by exchange of the gauge bosons, as a quark{excited quark pair in photon-gluon fusion or in a resolved photoproduction process. These second and third classes of processes are expected to be negligible because of the soft gluon distribution in both the proton and the photon. With this assumption, the production cross-section calculation is very similar to that for excited leptons up to corrections for the proton mass. Photon exchange dominates this process.
Once produced, the excited quark can decay either through the weak or strong interactions. In this analysis we have included the following decay nal states: q ! q ; qZ; q nal states accessible to an excited neutrino; c) nal states accessible to an excited quark. The dip near 100 GeV seen in some channels results from the proximity of a candidate event.
